Abstract-The paper discusses the wind pressure distributions on high-rice buildings with partial openings by means of wind tunnel tests and numerical simulations. The wind tunnel tests were carried out in the boundary layer wind tunnel over an urban terrain with a geometric scale. The numerical simulations used the method of S IMPLEC algorithm and the turbulence model, in which a realizable κ-ε model was used to simulate the pressure coefficient and the wind environment surrounding the partial openings. Detailed analyses of wind pressure coefficients for buildings of three different opening cases are presented. The results show that the pressure coefficients are different on the two sides of the opening and the distribution of wind velocity surrounding the opening is remarkably affected by the opening size. Moreover, the wind speed reaches the maximum in the opening when the wind direction is 45°. This suggests that there is a potential to utilize the wind energy by placing wind turbines in the partial opening of the high-rise buildings.
I. INTRODUCTION
The development of low-carbon city is an inevitable tendency to guarantee the harmonious coexistence of human and environment. In China most cities are now facing with a shortage of energy. As a consequence, the development of renewable energy in urban buildings has become an important part of the architectural design, especially for high-rise buildings. Wind power, as a renewable and clean energy, is usually the first choice of renewable energy sources in building design. To achieve this, however, the designer has to have the knowledge of wind and its effect on structures of the high-rise buildings of different shapes.
The subject of wind loads on rectangular high-rise building has been an active topic and attracts many researchers (Kareen [1] ; Kwon and Kareen [2] ; Katagiri et al. [3] ). Although some previous studies (Holmes [4] ; Ho etal. [5] ; Sharma and Richards [6] ; James et al. [7] ; Joachim et al. [8] ) have shown that wind pressure in a building can be affected by partial opening, and there are not many works on wind-induced response of high-rise buildings with partial opening. In recent years, the use of wind power (Bayoumi et al. [9] ; Lu and Sun [10] ) has become as one of the most interesting research topics. For example, Li et al. [11] discussed the results obtained from a comb ined wind tunnel and full-scale study of wind effects on super tall buildings. Chan et al. [12] reported a set of techniques of wind load integration for asymmetrical tall building under crosswind windward load. Guhan et al. [13] estimated the ratio of internal and external pressure fluctuations based on the simplified model of buildings with partial openings. Lam et al. [14] investigated the wind induced interference effects between two high-rise buildings by measuring the pulsating wind load on the buildings.
Wind tunnel tests have been widely used to study the characteristics of building under the action of wind loads in several decades. Gu et al. [15] analyzed the mean and fluctuating wind pressure distributions on a complicated group-tower by wind tunnel tests . Their experimental data showed that the pressure distributions along the height of each sub-tower were quite comp licated. With the improvement of CFD software, numerical simulation has become an efficient way to justify the reliability of wind tunnel tests. In recent years many new co mputational methods have been developed to improve the accuracy of numerical simu lations in various different situations. Li et al. [16] analy zed the wind loads on tall build ings and the wind speed up factors in tunnels for wind-power generation using wind tunnel tests and wind climate data analysis. Ramponi and Blocken [17] analyzed the effect of simulat ion parameters used in CFD simulations on the reliability and accuracy of the obtained simulation results.
A large number of experiments have also been done on the wind power utilization of high-rise buildings. However, most of them are not for high-rise buildings with partial openings. In this paper, the wind tunnel tests and numerical simulations were performed to investigate the wind load on high-rise buildings with partial opening. The results obtained fro m the wind tunnel tests and numerical simulations are compared to demonstrate the reliability and accuracy of the numerical simulation. The present work can be used as the guidance for the monitoring of wind induced internal pressure response of high-rise buildings with partial opening, where wind turbines could be installed for power generation.
II. EXPERIMENT

A. Boundary Layer Flow and Model Characteristics
Test models with three different opening sizes denoted as M1, M 2, and M3 were designed. The dimension of the test models is 200 mm (long) × 100 mm (wide) × 600 mm (high). The wind tunnel test was conducted in the boundary layer wind tunnel, which has the dimension of 18 m (long) × 6 m (wide) × 3 m (high). The b lockage ratio of the model tests is less than 3%. The maximu m wind speed in the wind tunnel is 55 m/s. At mospheric boundary layer on different terrains required by the reduced scale model was obtained by using spires and roughness elements set on the floor in the wind tunnel. The models were made of organic glass with a geometric scale of 1:300 with two different wind directions (θ=0°, 45°). According to the requirement in the wind tunnel test, wind pressures were measured by pressure taps (outer diameter of 1.6 mm), wh ich were arranged vertically to story F along the building height and connected to the electronic pressure scanner.
B. Wind Field Simulation
Considering the features of landform and physiognomy surrounding the building, spires and roughness elements were used to simulate the boundary layer wind flow in the Loads Standard Code of China (GB5009-2012) as exposure category B with a roughness exponent of α=0.15.
III. NUMERICAL SIMULATION
A. Governing Equations
The governing equations of incompressible turbulent wind flow around a building are presented by the Reynolds-averaged Navier-Stokes equations as follows:
where i, j = 1,2,3 represent the three coordinate axes, u 1 , u 2 and u 3 are the three components of velocity along x 1 , x 2 and x 3 axes of the Cartesian coordinate system, ρ is the density, p is the pressure, t is the time, η=µ/ρ is the Kinematic viscosity, and µ is the dynamic v iscosity. The standard κ-ε model of the turbulent kinetic energy is expressed as follows:
is the turbulent kinetic energy, the turbulent kinetic energy dissipation and the turbulent kinematic v iscosity coefficient, respectively. The transport equation of turbulent kinetic energy dissipation can be is expressed as follows:
Where C µ =0.09, σ κ =1.0, σ ε =1.3, C 1 =1.44, and C 2 =1.92 are the dimensionless coefficients of standard κ-ε model [18] .
B. Geometry Setting
To be co mparable with the wind tunnel test, the dimension of the fu ll scale model used in the simu lation is chosen as 60 m (long) × 30 m (wide)× 180 m (high). Based on different partial openings, five simulat ion models, namely S1, S2, S3, S4 and S5, were established (see Table. 1), which represent different K/L rat ios where K is the width of opening and L is the length of the longer side of the building.
C. Computational Domain
The computational domain and unstructured meshes are presented in Fig.1 , in wh ich the highness of the domain is 5H (H is the building height), the width of the do main is 5D (D is the characteristic length of the building), and the length of the domain is 16D (5D in front of the building where wind is applied and 10D in rear of the building). The blockage ratio for the model tests is less than 3%.
D. Boundary Condition
The following boundary conditions were assumed in the simu lations:
1) The inlet velocity and turbulence intensity are determined according to the wind tunnel test;
2) The exponent α that varies with roughness is 0.15; 3) Turbulence intensity is I (10) =0.14 at reference height; 4) The outlet pressure is zero, meaning free flow; 5) Sy mmetrical boundary conditions are applied on the two side surfaces and the top surface; 6) All surfaces are assumed to be no-slip surface. The simu lation was performed using the commercial software -Fluent 14.5. In order to ensure the Courant number is less than 1, the s mallest grid size was chosen as 0.005 m and the time step was chosen as 0.0001 s. The governing equations were solved numerically by using the SIMPLEC algorith m and the two-o rder upwind scheme for mo mentu m, turbulent kinetic energy, and dissipation rate. Fig.2 shows the distributions of wind pressure coefficient of M 1, M 2 and M3 at story F obtained from the wind tunnel tests for two different wind direct ions (i.e. cases 1 to 2). It can be seen fro m the figure that, the coefficients of M1, M 2 and M3 are very close in case one (Fig.2a) , indicating that the opening has negligible influence on the wind pressure coefficient if the wind is either parallel or normal to the surface of the opening. As it is expected, the wind pressure coefficient is positive on the upwind surface and negative on the rear and side surfaces. The distribution of the wind pressure is symmetric about the symmet rical axis of the building parallel to the wind direction. However, when the wind is inclined to the surface of the opening (case 2) the wind pressure coefficients are different between the buildings with and without opening. For case 2, it is found that the wind pressure difference between M 1 and M2 or between M1 and M 3 is mainly on the upwind surfaces, whereas on the leeward surfaces the difference is rather small. Also, it can be observed from The wind pressure coefficient distribution curves at floor F obtained in wind tunnel tests are used to validate the computer models emp loyed in the simu lations. The detailed comparisons between the test (M1, M2 and M3) and simu lation (S1, S2, S3) for individual wind directions (cases 1) are shown in Figs.3-4 , respectively. It can be seen fro m the figures that, except for the slight difference between M 1 and S1 found in case 1 and between M2 and S2 found in case 2, there is generally very good agreement between the test and simulation results. This demonstrates that the numerical models employed in the simu lations are reliable and appropriate, and thus can be used to do the comprehensive analysis for the wind characteristics of the building with and without opening. 
IV. RESULTS AND DISCUSSION
A. Validity of the Simulation
B. Wind Characteristics Analysis
Fig .5 shows the wind speed distribution along the front line of the build ing where the opening is located, when a 45 o wind is applied to the building. Fig .5(a) is for the case M2 and Fig.5(b) is for the case M3, respectively. The six curves in each figure represent the buildings with an identical opening but located at different heights. The wind speed plotted in the figures is at the height where the opening is located but the value has been normalized using the wind speed at the roof. It can be seen from Fig.5(a) that the higher wind speed is found in the reg ion where the opening is located. The largest wind speed in each curve is found near the center of the opening. It is interesting to notice that, the lower the opening is located, the higher the largest wind speed. Also, it can be observed from Fig.5(a) that, the wind speed increases very quick when it reaches the opening, but decreases slowly when it leaves fro m the opening. For the building with the opening located at its long side, however, the wind speed distribution (see Fig.5(b) ) seems to be different fro m that in the building with the opening located at its short side (i.e. Fig.5 Firstly, the increase and decrease of the wind speed at the two edges of the opening are very quick. Secondly, the largest wind speed in each curve is found near the edge where the wind arrives first. Thirdly, the highest wind speed is when the opening is located at 135m h igh. Fourthly, the largest wind speeds for building with an opening located in the long side of the building are about 1.38-1.44V H , while the largest wind speeds for building with an opening located in the short side of the building are about 1.25-1.35V H . These differences may reflect the effects of both the opening and the relative size between the building and the opening.
In order to investigate the effect of the width of the opening on the wind flo w, Fig.6 provides a comparison of the components of wind speed along the central line direction of the opening for three different opening widths (S3, S4 and S5) when the wind is applied to the building by 45 o (i.e. case 2). In Fig.6 , V 0 is the wind speed at the top of S1. V X is the wind speed of along-wind direction. It can be seen from the figure that, for all three opening widths discussed the wind speed along the opening direction exhibits the attendance of an increase followed by a decrease. The peak point is located somewhere behind the midpoint. By co mparing the largest values in S3, S4 and S5, it is found that, the wider the opening, the lower the wind velocity. V. CONCLUSIONS In this paper, both experimental tests and numerical simu lations have been applied to investigate the aerodynamic characteristics of high-rise buildings with partial opening. The test result showed that the wind speed around the opening increases remarkably and the characteristic of surrounding wind field is affected in large by the partial opening. The pressure coefficients on the two sides of the opening showed an opposite distribution trend: increase on one side but decrease on the other side. On the windward, the opening in the wall only affects the distribution of pressure coefficients and the size of influenced area is close to the size of the opening itself. The pressure coefficients are strongly affected by the opening in the wall when the incoming flo w with θ= 45°, especially on sides of the leeward wh ich is the most harmful case.
The numerical simu lation was taken under the same cases with the wind tunnel tests. Good agreement between the numerical simu lation and wind tunnel test has been demonstrated. The parametric study on the position and dimension of the opening showed that the 45° wind direction generates a large wind speed within the opening along the opening direction. The results also showed that the wider the opening, the large the wind speed. This suggests that wind energy resources can be explo ited in h igh-rise building by using wind energy generator placed inside the opening if the position and size of the opening are properly designed.
